Solitary kinetic Alfvé n waves on the ion-acoustic velocity branch in a low-␤ plasma
Starting with an exact nonlinear equation governing solitary kinetic Alfvén waves ͑SKAWs͒, a new type of SKAW on the ion-acoustic velocity branch is obtained in a low-␤ plasma. It propagates in a direction oblique to the ambient magnetic field, has a dispersion originating from the finite perpendicular wavelength, and is accompanied by a density hump soliton similar to that of the SKAWs on the Alfvén velocity branch in the case of 1ӷ␤ӷm e /m i . It has a perturbed electric field with the same order as that of the latter SKAWs, but its perturbed magnetic field is weaker by a factor of (␤/2) 1/2 , and in the small amplitude limit, the analytical result also leads to the Kortewegde Vries soliton. © 1996 American Institute of Physics. ͓S1070-664X͑96͒00510-1͔
It is well known that the ideal magnetohydrodynamics Alfvén wave has no dispersion at low-frequency (Ӷplasma characteristic frequency͒ and a long-wavelength (ӷ plasma characteristic length͒ limit. However, when the perpendicular wavelength, 2/k Ќ , becomes comparable to the ion gyroradius, i ϵv Ti / ci , or the electron inertial length, e ϵc/ pe , the Alfvén wave has a dispersion for an oblique propagation due to the finite perpendicular wavelength effect, 1 where v Ti is the ion thermal velocity, c is the light velocity, ci is the ion gyrofrequency, and pe is the electron plasma frequency.
The above dispersive Alfvén wave, called ''kinetic Alfvén wave,'' combined with nonlinear steepening, may lead to the formation of solitary kinetic Alfvén waves ͑SKAWs͒. Hasegawa et al. 2 and Yu et al. 3 investigated the existence of SKAWs propagating in an oblique direction with respect to the ambient magnetic field in a plasma with ␣ϵ(␤/2)/Qӷ1, where ␤ and Q are the ratio of thermal pressure ͑by electrons͒ to magnetic pressure͑by the ambient magnetic field͒ and the ratio of electron mass to ion mass, respectively. They showed the existence of the SKAWs accompanied by a hump density soliton, and KdV ͑Korteweg-de Vries͒ soliton corresponding to the small amplitude limit. A similar case, but for ␣Ӷ1, was considered by Shukla et al., 4 Kalita et al., 5 and Wu et al. 6 They also showed the existence of the SKAWs, but accompanied by a dip density soliton, and gave the KdV soliton as the small amplitude limit. In a recent work, Wu et al. 7 investigated the SKAWs in the medium range of ␣ϳ1 and showed the possibility of both types of SKAWs.
Some recent observational studies on the data from the Freja satellite ͑detailed information about these satellite experiments can be found in the serial papers presented in Space Science Reviews 8 ͒ showed that the earth auroral low frequency turbulence is dominated by strong electromagnetic spikes which have an appearance of solitary structures and can be reasonably well interpreted as SKAWs. 9 Although most of them have a ratio between the perturbed electric field (ϳ10 2 mV/m͒ and magnetic field (ϳ10 nT͒ close to the order of magnitude of the Alfvén velocity (ϳ10 7 m/s at the Freja altitude of ϳ1700 km͒, some of the samples associated with a density hump soliton ͑e.g., Fig. 2 nT͒. There are two possibilities to account for this weakness of magnetic signals. One is that only a small component of the magnetic signal is measured by the satellite, while the actual magnetic signal is stronger (ϳ10 nT͒. The other is that the actual magnetic signal is indeed weak, which would indicate that the SKAWs associated with weak magnetic signals have a different physical nature.
In fact, the nonlinear equation system ͓see Eqs. ͑2͒-͑9͔͒ governing the SKAWs leads to a linear dispersion including two branches. In the low-␤ case, the two branches have, respectively, the phase velocities v p ϳv A , called the Alfvén branch, and v p ϳc s , called the ion-acoustic branch, where v A and c s are the Alfvén and ion-acoustic velocities, respectively. The above-mentioned authors all showed the existence of SKAWs only on the Alfvén branch. In this Letter, we show the existence of SKAWs on the ion-acoustic branch. They are accompanied by a density hump soliton which is similar to that of the SKAWs on the Alfvén branch in the case of 1ӷ␤ӷQ, 2 but their electromagnetic structures are considerably different. In the small amplitude limit, like the SKAWs on the Alfvén branch, the SKAWs on the ionacoustic branch lead to the KdV soliton. At the same time, we also point out that the SKAWs on the ion-acoustic branch possibly account for the physical nature of the SKAWs associated with weak magnetic signals in observations of the Freja.
Consider a homogeneous plasma in a uniform ambient magnetic field B 0 along the z direction. For one-dimensional plane waves with oblique propagation with the wave vector (k x ,0,k z ), we further assume the wave to be stationary in the moving frame defined by ϭk x xϩk z zϪt,
͑1͒
where the space and time are normalized by v A / ci and ci Ϫ1 , respectively. In this one-dimensional travelling-wave frame, the two-fluid equations governing the dynamics of the kinetic Alfvén wave are 6, 7 d ͓n e ͑ k z v ez Ϫ͔͒ϭ0, ͑2͒
where the density, velocity, perturbed electric and magnetic fields are normalized by n 0 ,v A ,T e ci /(ev A ) and B 0 , respectively; n 0 and T e are the unperturbed plasma density and the electron temperature in units of eV, respectively; e is the basic charge; d denotes the derivative with respect to ;
Eq. ͑9͒ indicates the charge neutrality assumption; and assumptions of cold-ion ͑i.e., the ion temperature T i ӶT e ) and low-frequency ͑i.e., Ӷ ci ) have been used. From Eqs. ͑2͒-͑9͒, it is easy to find that the linear dispersion equation is
where M z ϭ/k z ϭM /K z , M ϭ/k and k are the dimensionless phase velocity ͑in units of v A ) and wave number ͑in units of ci /v A ), respectively, and K z ϭk z /k is the direction cosine with respect to the z direction. Equation ͑10͒ has two roots which represent two branches of kinetic Alfvén waves as follows
where a trivial Q term in 1ϩQ has been neglected. In a low-␤ case, namely ␤/2ϵQ␣Ӷ1, the two branches become, respectively
called the Alfvén branch, and
called the ion-acoustic branch. To restore the dimension, the above dispersion relations may be rewritten, respectively, as follows:
for the Alfvén branch, and
for the ion-acoustic branch, where s ϭc s / ci . Unlike the ion-acoustic wave in a magnetized plasma, 10 the dispersion of the kinetic Alfvén wave originates the finite perpendicular wavelength ͑i.e., s 2 k x 2 or ␣ Ϫ1 s 2 k x 2 ϭ e 2 k x 2 ). Integrating Eqs. ͑2͒-͑9͒, by use of the localized boundary conditions for the solution of solitary waves, nϭ1,v ez ϭv iz ϭd ϭ0 for ͉͉→ϱ, we can obtain the nonlinear equation governing the SKAWs as follows:
where the Sagdeev potential K(n;M z ,k x ) is
In a low-␤ case (␤/2ϵQ␣Ӷ1), the authors of Refs. 2-7 have investigated the existence of the SKAWs on the Alfvén branch of M z 2 ϳ1. For the ion-acoustic branch of M z 2 ϳQ␣Ӷ1, the Sagdeev potential of Eq. ͑17͒ becomes
It is easy to find that the Sagdeev potential of Eq. ͑22͒ has the same form as that of the SKAWs on the Alfvén branch in the case of 1ӷ␤ӷQ. 2 Thus, like the latter, it leads to the conclusion that at an arbitrary amplitude, the SKAWs on the ion-acoustic branch can propagate in an oblique direction at a velocity of M zs 2 ϾQ␣ and are accompanied by a density hump soliton (n m ϾnϾ1). The corresponding nonlinear dispersion relation can be obtained by the root of Eq. ͑22͒ as follows:
where n m is the amplitude of density solitons. To restore the dimension, Eq. ͑23͒ shows that the propagating velocity of the SKAWs on the ion-acoustic branch, v p , depends on the amplitude n m and the propagating direction at the following form:
where is the angle between the propagating direction and the ambient magnetic field. Both supersonic and subsonic solitons are possible, and the quasiparallel and quasiperpendicular propagating solitons are mainly the supersonic and subsonic solitons, respectively. Although the structure of the density soliton here is similar to that of the SKAWs on the Alfvén branch, the electromagnetic structure is considerably different from that of the latter. From Eqs. ͑2͒-͑9͒, one has
where ''Ӎ'' is valid only for the ion-acoustic branch. From Eqs. ͑25͒-͑27͒ one can find that, unlike the SKAWs on the Alfvén branch ͑see ͓see Eq. ͑27͔͒. On the other hand, it is easy to find that the nonzero perpendicular electric field E x and magnetic field B y can arise within the oblique propagating SKAWs on the ion-acoustic branch due to the finite perpendicular wavelength 2/k x . This causes them to differ from the ionacoustic soliton in a magnetized plasma ͑see Fig. 5 in Ref.
10͒, as the latter is entirely electrostatic.
In the small amplitude limit, namely NрN m Ӷ1, from Eqs. ͑17͒ and ͑23͒ one has, at the lowest order, 
͑30͒
In this paper, we have neglected the finite ion temperature effect and the finite frequency effect. Mjo "lhus and Wyller 11, 12 investigated these effects by use of the reductive perturbation method and the kinetic guiding center model. Their results showed that, for the case of c s ϳv A ͑i.e., ␤ϳ1), resonant particle effects, in particular, due to the warm ion, drastically change the behavior of the nonlinear waves with v p Ͼc s . In the case of c s Ӷv A ͑i.e., ␤Ӷ1), as pointed out in Ref. 11, only electrons are resonant. However, electron resonant effects are important only for the Alfvén branch in the case of ␤ϳQ ͑i.e., the electron thermal velocity v Te ϳv A , see Table I͒ . Table I shows density solitons associated with the SKAWs in different ranges of ␤. In the case of ␤Ӷ1, the SKAWs with both v p ϳv A and v p ϳc s (Ӷv A ) are possible; the former can be associated with dip or hump density solitons, and the latter can be associated with only hump density solitons. In addition, the ratio between the electric and magnetic fields of the former is close to the order of magnitude of the Alfvén velocity v A , while the latter has a weaker magnetic field than the former by a factor of M zs /M zA ϳ(␤/2) 1/2 , although their electric fields have the same order. This possibly accounts for the physical nature of the SKAWs associated with weak magnetic signals in observations of the Freja. For the typical parameters of the ambient plasma at the Freja altitude (ϳ1700 km͒, one has nϳ10 3 cm Ϫ3 , T e ϳ1 eV, B 0 ϳ30000 nT, and hence ␤ϳ4ϫ10 Ϫ7 . Thus, the magnetic field of the SKAWs on the ion-acoustic branch is weaker than that of the SKAWs on the Alfvén branch by a factor of (␤/2) 1/2 ϳ4.5ϫ10 Ϫ4 , which can well account for the above-mentioned weakness of magnetic signals in some of the samples observed by the Freja. 
